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ABSTRACT

The Genomics of Imidacloprid-Remediating Bacteria
by
Rahil Ryder
Master of Science in Environmental Science
California State University Monterey Bay, 2022
Rain and irrigation can transport pesticides from farmland into surrounding surface waters. Pesticidecontaminated waters are costly to treat and detrimental to public health. Genomic sequencing of pesticidedegrading bacteria can provide insight to using the bacteria as an inexpensive solution for targeted
pesticide water treatment. The goal of this project was to generate genome sequences for pesticidebioremediating bacteria previously isolated from agricultural drainage ditches near Salinas, California
using minimal media with the pesticide imidacloprid as the sole carbon source. High quality and high
molecular weight DNA from these microbes was used to generate both Oxford Nanopore Technologies
MinION and MiSeq sequencing data. This data was then assembled into de novo genome sequences and
annotated for likely genetic functions in order to study the molecular mechanism involved in the
remediation process and create freely available novel genetic resources. The bacterial strains were most
closely related to Microbacterium paraoxydans, Paenarthrobacter aurescens, Microbacterium oxydans.
and Pseudarthrobacter phenanthrenivorans. The bacterial genomes include the genes cytochrome P450,
ATP-binding cassette (ABC) transporters, and UDP-glycosyltransferase which may be involved in the
bacteria’s imidacloprid-bioremediation capabilities.
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INTRODUCTION
Pesticides aided California in becoming the nation’s largest agricultural producer and exporter (CDFA
2018). Monterey County alone grows 61% of leaf lettuce, 57% of celery, 48% of broccoli for the entire
nation (Farm Bureau Monterey) but was also ranked 7th in California for pesticide use, applying more
than nine million pounds of pesticide in 2016 (CDPR 2019). Agricultural runoff is the leading source of
water pollution in rivers, lakes, and coastal waters and the primary cause of dead zones in the ocean
(National Ocean Service 2020). Pesticides leach into groundwater where 50% of the nation’s population
get their water supply. Due to the time lag between pesticide application and contamination to water
sources, the effects of pesticides in our water may take decades to become apparent (Water Science
School 2018 Jun 8).

To combat the issue of pesticide contamination in the environment, pesticide-bioremediating bacteria
have been discovered and researched around the world since the 1970s (Singh and Walker 2006). In
Monterey County, California, naturally occurring pesticide-bioremediating bacteria have been isolated
and are being introduced into woodchip bioreactors. Woodchip bioreactors are trenches filled with
woodchips along the edge of a farmland designed for agricultural runoff to pass through them before
reaching drinking water sources or large bodies of water. Although well-established for removing
nitrogenous waste (Christianson et al. 2017), woodchip bioreactors’ applicability to pesticide remediation
is not well studied. In one study, the addition of the pesticide-bioremediating bacteria to an experimental
woodchip bioreactor has shown a reduction of pesticide concentration (Mortensen et al. 2019).
Understanding the genomes of these bacteria can potentially optimize the woodchip bioreactors and
introduce novel approaches to pesticide cleanup in the environment.

Previous studies have shown that after understanding the genome of bacteria, the bioremediation process
can be improved upon. Jia et al. (2020) increased phenol degradation by adding biofloc formation genes
to phenol-degrading E. coli. Microbial flocs, a type of biofilm, increases bioreactor efficiency due to the
longer retention time of the bacteria; therefore increasing degradation amounts. Gong et al. (2018) geneedited four pesticide-degrading genes into the chromosome of Pseudomonas putida to simultaneously
degrade organophosphates, pyrethroids, and carbamate. Landgaurd, a company in Australia, sells
enzymes for rapid treatment of pesticide residues in soil and water. Their product rapidly reduces
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organophosphate levels in cotton irrigation wastewater by 90% in 10 minutes (Ward 2011). Ample
genome research may help in creating efficient pesticide bioremediation solutions.

This study focuses on the bacteria that can degrade the neonicotinoid, imidacloprid. Neonicotinoids target
the nicotinic acetylcholine receptors (nAChRs) located in the central nervous system of many organisms
including insects causing an eventual block to nerve propagation (Gupta and Milatovic 2014).
Neonicotinoids are highly selective for the nAChR in insects and do not pass the blood-brain barrier,
reducing the potential for mammalian toxicity (Ensley 2018). Several bacteria have been found to degrade
neonicotinoids. The fastest to degrade imidacloprid, with the rate of biodegradation being 2.17 μg/mL/h
for a pure culture, is Pseudoxanthomonas indica from rhizospheric soil. Imidacloprid degradation
pathways vary and several of the metabolites are more toxic and persistent than the original pesticide
commonly the 6-chloronicotinic acid (6-CNA). However, bacteria that can degrade 6-CNA has been
found, suggesting complete degradation of imidacloprid is possible. The enzyme responsible is proposed
to be aldehyde oxidase but more research needs to be done. Zhou et al. discovered that the nitrile
hydratase enzyme of Ensifer meliloti CGMCC 7333 degraded another neonicotinoid pesticide,
acetamiprid (Hussain et al. 2016). More recently, Wang et al. (2019) discovered that cytochrome P450
from white-rot fungi Phanerochaete chrysosporium and Phanerochaete sordida YK-624 is involved in
the degradation of acetamiprid. The genes responsible for imidacloprid degradation are not clearly known
and more efforts are needed to find these bioremediating bacteria. Finding commonalities in their
genomes may help in understanding how they degrade the target pesticides. Although genes have already
been found that degrade pesticides, finding additional bacteria will help to compare the genes of the
different bacterial strains found from the various studies. Identifying novel bacteria will also give a
greater chance of finding a more efficient enzyme that can degrade the interested pesticide fully and
quickly.
The aim of this study is to generate high quality de novo genomes of the imidacloprid-bioremediating
bacterial species and to perform analyses to understand the mechanisms that may be involved in the
bioremediation capabilities. The bacteria were grown in minimal media to select for pesticide degradation
and the genomes were assembled and annotated. Genomes of both pesticide-degrading and non-degrading
bacteria were compared, and relevant genes were identified. Since the bacteria from this study were found
in the “Salad Bowl of the World” where an extensive use of pesticide was applied, homologs of
previously identified pesticide-degrading genes were expected to be found. The genome analyses provide
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insight on metabolic function and biological mechanisms involved in imidacloprid-bioremediation and
can further biotechnology created for pesticide clean-up efforts.

METHODS
Bacterial Isolates. To find pesticide-remediating bacteria, soil was collected from ditches near
agricultural fields in Salinas, CA and grown in enrichment media with imidacloprid as the sole carbon
sources for 15 days in a culture tube. The culture was spread onto minimal agar plates supplemented with
imidacloprid to select individual colonies. Nine bacterial strains were identified and labeled Imid1 to
Imid9. The colonies were streaked onto fresh minimal agar plates, and then grown again in the liquid
cultures to make freezer stocks (Mortensen et al. 2019).

Bacteria Culturing. To establish imidacloprid-bioremediation capabilities, growth on minimal media
with imidacloprid had to be observed and ample growth of an axenic culture was needed to extract DNA
for whole genome sequencing. Freezer stocks of the bacteria were streaked on luria broth (LB) media
plates to obtain seven axenic bacterial cultures. The isolated colony was inoculated into 20 mL of Le
Masters and Richards minimal media (LR medium) which consisted of a mixture of buffer salts (KH2PO4
24.0 g l-1 and NaOH to pH to 7), and mineral salts [(NH4)2SO4 1.675 g l-1, MgSO4·H2O 0.3 g l-1,
FeSO4·7H2O 3.0 mg l-1, concentrated H2SO4 10 μl l-1], prepared as 10× and 100× concentrates,
respectively, and mixed as buffer salts–mineral salts–water in the ratio 10:1:89 (Paliy and Gunasekera
2007). Imidacloprid at 99.5% pure was added to the LR medium at the concentration of 20 mg/L as the
sole carbon source to ensure bacteria can degrade the pesticide. The bacteria were grown on the LR
medium rotating 180 rpm at 35° C until solution was visible with bacteria. The bacteria cultured in the LR
media was inoculated in LB media over 24-48 hours for ample bacterial growth.

DNA Isolation and Sequencing. High quality and long DNA strands are necessary to assemble de novo
genomes. Inoculated LB media was centrifuged at 10,000 RPM for five minutes and the bacterial pellet
was washed with 1X Phosphate-Buffered Saline solution to prevent pesticide inhibition in downstream
processes. Centrifugation was repeated. DNA isolation was performed on the resulting bacterial pellet
using the Qiagen DNeasy PowerSoil Pro kit according to standard kit extraction protocols. DNA purity
and length were assessed with the Nanodrop and Fragment Analyzer, respectively. Qubit assessed exact
DNA concentrations.
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For sequencing, two different sequencing technologies were used to generate read data. Oxford Nanopore
MinION library preparation was performed with the Oxford Nanopore Genomic DNA by Ligation kit
(SQK-LSK109) and the Native Barcoding Expansion kits (EXP-NBD104, EXP-NBD114) on the
MinION Flow Cell R9.4. The library was sequenced using a MinION MkII and a MinIT was used to run
the Guppy basecaller. The long-read technology of the MinION has shown to have lower accuracy and
more SNPs and indels compared to short read technology like the MiSeq (Goldstein et al. 2019). To
improve the genomes, MiSeq reads were also generated for each bacterium. The New England Biolabs FS
DNA Library Prep Kit (E7805, E6177) for Large Fragment Sizes (> 550 bp) and inputs (> 100 ng)
protocol was used for library preparation for sequencing on an Illumina MiSeq using the MiSeq Reagent
Kit v3 (600-cycle).

Bioinformatic Analysis. Whole genome sequence of seven imidacloprid-bioremediating bacteria were
assembled and quality was verified. To generate as complete an assembly as possible, we implemented a
hybrid assembly approach that utilized a pipeline of various tools. Flye (version 2.4.2) was used to
assemble the MinION sequence data (Kolmogorov et al. 2019). Unicycler (version 0.4.9b) combined the
Flye assembled MinION sequences with the MiSeq sequences (Wick et al. 2017). RagTag (version 1.0.2)
used Minimap2 to order and orient the Unicycler genome assembly contigs to the Flye genome assembly
(Alonge et al. 2021). To ensure high quality, complete genomes, we used BUSCO (version 4.0.5) and the
lineage dataset bacteria_odb10 created June 26, 2019 to determine completeness of the assembly (Manni
et al. 2021) and Quast (version 5.0.2) was used to collect the N50, length of the assembly, and GC %
(Gurevich et al. 2013). To identify the bacterial species, DIAMOND (version 2.0.8) was used to identify
the closest-related 16S rRNA sequence by comparing the genome against the 16S_Ribosomal_RNA
NCBI database downloaded June 8, 2019 (Buchfink et al. 2015).
To annotate the functional components of these de novo genomes, predicted proteins and functional
annotations were generated and compared to their closest existing reference sequence, knownremediators, and non-remediators. GeneMarkS (version 4.32) was used for making gene and protein
predictions (Besemer et al. 2001). Omicsbox (version 1.3.11) Functional Annotation Workflow was used
to annotate all predicted proteins, assign Gene Ontology (GO) terms and KEGG pathway membership,
and identify protein family using InterProScan (Gotz et al. 2008). Fisher’s exact tests were performed by
comparing the closely related reference genomes with the assembled genomes to find over or under
representation of Gene Ontology terms associated with predicted gene sequences. MUMmerplots
(MUMmer version 3.23) were analyzed to visualize the gaps, inversions, and translocations between the
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bacterial genomes and their closely-related reference genomes (Kurtz et al. 2004). The bacteria’s GO
terms were compared with the reference bacterial genome from the MUMmer alignments as well as
closely-related non-remediating bacteria to understand gene representation. The non-remediating bacteria
were identified through NCBI’s dendrograms and through searching the bacterium’s genus for similar
species that do not show evidence of bioremediating capabilities.
Circos plots were created to visualize the whole genome, the predicted coding sequences, gaps and
inversions from the MUMmer plots compared to the reference genomes, percent GC, and GC skew.
Enzymes near origin of replication or clustering together may give insight on if they are over transcribed
or expressed together, respectively (Lawrence 2002). Patterns of GC content and GC skew can give
insight to possible horizontal gene transfer and the location of origins of replication (Li et al. 2014; Zhang
et al. 2014). In addition to cytochrome P450, other enzymes that may play a role in degradation were
added to the predicted coding sequence. ATP-binding cassette (ABC) transporter systems and UDPglycosyltransferase were included as they are overexpressed in imidacloprid-resistant Colorado potato
beetle (Kaplanoglu et al. 2017). The ABC transporter system enzymes portrayed on the plot were
identified from the genome using GO:0042626. Dienelactone hydrolase, 4-hydroxy-2-oxovalerate
aldolase, and 3-oxoadipate CoA-transferase were included as more than 30 are present in the γHexachlorocyclohexane-degrading Sphingopyxis lindanitolerans WS5A3p (Kaminski et al. 2019). The
Circos plots were made with Circa version 1.2.2 (http://omgenomics.com/circa). GC skew and percent
GC

were

calculated

with

a

python

script

(https://github.com/juefish/goliath_scripts/blob/main/GCskew.py).

Phylogenetic Analysis of Cytochrome P450. Phylogenetic tree of imidacloprid-degrading enzyme,
cytochrome P450, was created to describe the evolutionary relationship among copies of the enzyme in
known pesticide-remediators. In addition to the imidacloprid-degrading bacteria from this study and their
closest-related bacterial reference genomes, the phylogenetic analysis included two cytochrome P450s
from Hymenobacter latericoloratus CGMCC 16346, a known imidacloprid-remediator (protein IDs
WP_139923636 and WP_139924139)(Guo et al. 2020), 18 copies of cytochrome P450 from
Rhodococcus ruber CGMCC 17550 known to degrade the neonicotinoid nitenpyram via a hydroxylation
pathway (Dai et al. 2021), and 12 copies of cytochrome P450 from Sphingopyxis lindanitolerans
WS5A3p strain known to degrade the pesticide, γ-hexachlorocyclohexane (Kaminski et al. 2018;
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Kaminski et al. 2019). As an outgroup, human CYP3A4 and fruit fly CYP6G1 sequences were included
as enzymes that also degrade imidacloprid via the hydroxylation pathway (Fusetto et al. 2017).
To create the cytochrome P450 phylogenetic tree, the Cyberinfrastructure for Phylogenetic Research
(CIPRES) was used (Miller et al. 2010). MAFFT on XSEDE (7.471) was used for the multiple sequence
alignment of the cytochrome P450 amino acids. ModelTest-NG on XSEDE (0.1.5) was used to determine
the best model of evolution. RAxML-NG (1.0.1) was used to create the final phylogenetic tree using
maximum likelihood, bootstrapping and LG+I+G4+F model which was determined by the ModelTestNG. Archaeopteryx 0.9928 beta was used to visualize and edit the phylogenetic tree (Han and Zmasek
2009).

RESULTS
Bacterial Growth and DNA Quality. Seven imidacloprid-remediating bacteria were successfully isolated
from field samples and cultured in the lab. On LB media plates, the bacterial strains grew within 48 hours.
The bacterial strains visibly grew in the LR media with imidacloprid as the sole carbon source over 48 to
72 hours. All strains grew in clumps. In the LB liquid media, the bacteria grew in 48 hours.

Pure molecular weight DNA was isolated for optimal sequencing results from all seven samples. The
260/280 nm ratio was between 1.8 and 2 and the 260/230 nm ratio was between 1.9 and 2.2. The
molecular weight of the bacterial DNA was between 2.7 kbp to 11.9 kbp.

Sequencing Quality and Genome Annotation. The dual long- and short-read sequencing resulted in high
quality whole genome sequences for six of the bacterial strains. Imid8 had lower sequencing quality as
apparent due to the reduced N50 and high contig number (Table 1). The MinION sequencing platform
resulted in more than 80X coverage for each bacterial strain using the Flye assembler, but had low
BUSCO scores of less than 60% completeness. The hybrid Unicycler assembler with RagTag scaffolding
created the final corrected genome assembly which had both high N50 values and BUSCO completeness
scores. The genomes for all seven strains contain GC percentage above 62% and a genome length
between 3.5 and 4.7 Mbp. GenemarkS predicted between 3500 to 4777 genes in the bacterial strains.
Between 78% to 81% of the total predicted protein sequences for each bacterium were annotated, 81% to
82% were mapped to Gene Ontology annotated proteins, and 96% to 98% had Blast hits (Table 1).
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Table 1: Sequencing quality and taxonomy results of the imidacloprid-bioremediating bacteria and their respective reference
bacteria.
Imid1W

Imid1Y

16S Species

M. paraoxydans

16S BLAST % Identity
ONT X Coverage
MiSeq (Megabytes)
N50 (bp)
# of Contigs
BUSCO % Complete
GC %
Length (bp)
Gene count

99.13
99.13
211
208
28
37
2,815,713 3,376,406
14
9
96.8
96.8
69
69
3,556,927 3,524,284
3,550
3,519

Total Annotated

2,778

2,748

Total GO Terms

13,904

13,794

M.
paraoxydans

Imid2

Imid6

P.
aurescens
TC1

P. aurescens TC1

3,552,313

3,552,313
3,490

13,624

Imid5

Imid9Y

M.
oxydans

P. phenanthrenivorans

M. oxydans

99.26
99.26
99.93
99.93
300
190
87
190
33
24
28
27
3,967,640 849,822 4,597,686 3,664,047 3,621,620 3,906,890
36
40
10
8
97.5
93.5
96.8
93.5
62
62
62.4
68
68
4,722,533 4,794,521 5,226,648 3,783,949 3,815,861 3,906,890
4,445
4,777
4,795
3,746
3,865
3,798
3,578

3,829

17,373

18,780

17,976

3,053

3,136

15,371

15,706

Imid8

97.79
190
31
376,614
96
95.1
66
4,411,034
4,160
3,325

15,145

15,773

16S Spe

16S BLAST %
ONT X Cov
MiSeq (Meg
N50 (b
# of Con
BUSCO % Co
GC %
Length (
Gene co

Total Anno

Enzyme Code distribution of genomes for hydrolase enzymes range from 14% to 17% and transferase
enzymes range from 14% to 15% of total predicted gene sequences (Table 3). Ontology level 3 was used
to obtain the GO term information. Enzymes with GO terms for cellular metabolic process, organic
substance metabolic process, nitrogen compound metabolic process, and membrane represent greater than
6% of the genome each. OmicsBox GO pie charts are located in Supplemental Figure 1.

All imidacloprid-remediating bacteria’s taxonomic assignment had greater than 99% percent identity with
reference species 16S rRNA sequences except for Imid8 which was 97% (Table 1). Imid1W and
Imid1Y’s 16S rRNA sequences aligned with Microbacterium paraoxydans. Imid2 and Imid6’s 16S rRNA
sequences aligned with both Paenarthrobacter aurescens and Paenarthrobacter nitroguajacolicus (16S
BLAST % Identity 99.46). Imid5 and Imid9Y’s 16S rRNA sequences aligned with Microbacterium
oxydans. Imid8’s 16S rRNA sequences aligned with Pseudarthrobacter phenanthrenivorans. These
assignments were used to identify reference genomes for subsequent comparative analysis.

Genome Comparisons. MUMmer aligned the imidacloprid-remediating strains with their taxonomic
assignment.

Strains

Imid1W

and

Imid1Y

were

aligned

to

Microbacterium

paraoxydans

(GCF_900105335.1) which was isolated from the blood of a child with acute lymphoblastic leukemia in
October 2015. Imid2 and Imid6 were aligned to Paenarthrobacter aurescens TC1 (GCF_000014925.1)

Total GO T
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which was found in a South Dakota spill site contaminated with the herbicide, atrazine, and is known to
break down s-triazine compounds in contaminated environments (Mongodin et al. 2006). Strains Imid5
and Imid9Y were aligned to Microbacterium oxydans (GCF_003991855.1) which was isolated from
radionuclide-contaminated soil in French Guiana collected in 2009. Imid2 and Imid6 did not align to P.
nitroguajacolicus despite the higher percent identity than P. aurescens.

All strains have a largely linear alignment with its relevant reference genome except for Imid8 (Fig. 1).
For the P. aurescens TC1 alignment, strains Imid2 and Imid6 have 16 inversions apparent in blue on the
MUMmer plots. Compared to their references, SNPs comprise between 3.7% to 7.7% of the genome and
indels comprise 0.27% to 0.4% of the genome (Table 2). For Imid5 and Imid9Y, 40% of SNPs are from C
to G or vice versa. For Imid1W and Imid1Y, 50% of the SNPs are from C to G or vice versa. Enzymes in
the gaps and inversions are listed in Supplemental Table 1.

Table 2: Genome alignment results between the imidacloprid-bioremediating strains and their reference.

Strain
Imid1W
Imid1Y
Imid2
Imid6
Imid5
Imid9Y

Relocations Translocations
22
0
18
5
19
0
15
0
5
5
6
0

Inversions
6
6
16
16
1
4

Insertions
510
502
612
611
532
577

SNPs
131104
131046
219632
219051
291100
285305

Indels
10635
10599
12559
12584
18741
18584

MUMmer alignments were also used to compare the Imid strains with the same taxonomic assignments to
understand their similarity. Imid1W has 98.76% bases aligned to Imid1Y and Imid1Y has 99.70% bases
aligned to Imid1W. Imid2 has 98.99% bases aligned to Imid6 and Imid6 has 99.94% bases aligned to
Imid2. Imid5 has 96.56% aligned bases to Imid9Y and Imid9Y has 98.20% bases aligned to Imid5.
According to the Fisher’s exact test (two-tailed, p-value ≤ 05), there is no significant difference in gene
annotations between the imidacloprid-remediating bacteria and its respective reference except for
Imid1W and Imid1Y. The genes with GO term for integral (GO:0016021) and intrinsic component of
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membrane (GO:0016020) for Imid1W and Imid1Y are significantly underrepresented compared to the
reference (FDR = 0.02). The genes with GO term for hydrolase activity (GO:0016787) of Imid5 and
Imid9Y are underrepresented compared to the reference (FDR = 0.9 and 0.35 respectively).

To understand the differences between imidacloprid-remediating and non-remediating bacteria, similar
bacteria were found on NCBI that had no evidence of bioremediation and were used for comparison.
Imid1W and Imid1Y were compared to Microbacterium paraoxydans DE0066 (GCF_007679895.1)
which is an environmental sample from Durham, North Carolina (collection date of Sept 2018). Imid2
and Imid6 were compared to Paenarthrobacter histidinolovorans JCM 2520 (GCF_014647595.1) which
is part of the Global Catalogue of Microorganisms (GCM) 10k type strain sequencing project. All other
Paenarthrobacter performed some remediation. Imid5 and Imid9Y were compared to Microbacterium
oxydans NS234 (GCF_001476635.1) collected 2013 from rice seeds in Punjab, India (Midha et al. 2016).
All comparisons with Fisher’s exact test showed a significant overrepresentation of ATPase-coupled
transmembrane transporter activity (GO:0042626) except for Imid2 and Imid6 (FDR: Imid1W= 0.017,
Imid1Y=0.014, Imid5= 1.67 x10-7, Imid9Y=2.56 x10-8, Imid2=0.11, Imid6= 5.9). Although no
significance is shown, there were an additional 52 and 59 ATPase-coupled transmembrane transporter
activity GO terms for Imid2 and Imid6, respectively as compared to their “non-remediator” reference.

Genomic Structure. Circos plots indicate the position of relevant enzymes, origin of replication, novel
sequences from gaps in the reference, and GC information (Fig. 2). Several of the enzymes in the novel
sequences compared to the references were from the ABC transporter system enzymes as portrayed
through the Fisher’s exact results of an overrepresentation compared to the reference. The numerous ABC
transporter system enzymes are both dispersed throughout the genomes and are clustered in some regions.
A large region of novel sequence compared to the reference is displayed on Imid1W contig 1 around 420k
to 520k base pairs marks; this region shows a shift in GC percentage and presences of predicted gene
sequences for UDP-glycosyltransferase and ABC transporter systems. Imid1Y has the same feature but
shifted to the region 1,180k to 1,280k base pairs. The origin of replication of Imid1Y strain is 230kb from
cytochrome P450 on the negative strand. Imid1W and Imid1Y have one cytochrome P450, one UDPglycosyltransferase, and one dienelactone hydrolase. Imid2’s large region of inversion located around
2,000k to 2,150k on contig 2 includes 2 ABC transporter system enzymes on the negative strand and the
UDP-glycosyltransferase on the positive strand. Imid6 shows the same feature at position 400k to 550k
on contig 2. Imid2 and 6 have all of the enzymes of interest: two cytochrome P450, two UDP-
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glycosyltransferase, one 4-hydroxy-2-oxovalerate aldolase, three dienelactone hydrolase, and four 3oxoadipate CoA-transferase. Imid5 has 4-hydroxy-2-oxovalerate aldolase, a novel sequence compared to
the reference, and several ABC transporter system enzymes near the origin of replication. Dienelactone
hydrolase is in near proximity to a cluster of ABC transporter system enzymes. Imid9Y has an inversion
in the region between 2,460kb to 2560kb which includes 3-oxoadipate CoA-transferase and ABC
transporter system enzymes. This region also shows a shift in GC percentage. UDP-glycosyltransferase
for Imid5 and Imid9Y is novel sequence compared to the reference. For Imid9Y, no dnaA gene was
identified to indicate the proximity of origin of replication. Imid5 and Imid9Y have no cytochrome P450,
but the most copies of ABC transporter system enzymes, and one each of UDP-glycosyltransferase, 4hydroxy-2-oxovalerate aldolase, dienelactone hydrolase, and 3-oxoadipate CoA-transferase.

Phylogenetic Analysis of Cytochrome P450. The phylogenetic tree displays the evolution of the
pesticide-remediating organism’s cytochrome P450 with overall high bootstrap values (Fig. 3).
Imidacloprid-degrading H. latericoloratus CGMCC 16346 gene accession WP_139923636 is ancestral to
the gene of all Imid bacteria. Imid1W and Imid1Y have the gene more closely conserved with H.
latericoloratus CGMCC 16346 gene WP_139924139. One of Imid2 and Imid6 gene copies clusters with
both R. ruber and S. lindanitolerans WS5A3p, while the other copy of cytochrome P450 is diverged from
that clade of cytochrome P450s. Although Imid5 and Imid9Y do not have a cytochrome P450 gene, the
reference’s gene clusters with Imid1W, 1Y, and its reference. Imid1W and 1Y’s reference has a total of 2
genes where the second clusters with R. ruber. Imid8 has two genes with one clustering with R. ruber and
the other clustering with two out of the three genes from Imid2 and 6’s reference.
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Table 3: Enzyme distribution and Gene Ontology terms of the imidacloprid-bioremediating bacteria and their respective reference
bacteria. Percentages are out of total enzymes and GO terms.
M.
paraoxydans

Imid2

Imid6

P. aurescens
TC1

Imid5

Imid9Y

M. oxydans

Imid8

Oxidoreductases

343(9.7)

339(9.6)

295(8.5)

497(11.2)

535(11.2)

514(10.7)

351(9.4)

366(9.5)

359(9.5)

488(11.7)

Transferases

538(15.2)

539(15.3)

500(14.3)

671(15.1)

724(15.2)

702(14.6)

548(14.6)

566(14.6)

561(14.8)

611(14.7)

Hydrolases

575(16.2)

569(16.2)

498(14.3)

738(16.6)

801(16.8)

688(14.3)

657(17.5)

672(17.4)

602(15.9)

674(16.2)

Lyases

126(3.5)

128(3.6)

105(3.0)

178(4.0)

197(4.1)

183(3.8)

125(3.3)

141(3.6)

124(3.3)

171(4.1)

Isomerases

98(2.8)

96(2.7)

92(2.6)

143(3.2)

160(3.3)

147(3.1)

98(2.6)

103(2.7)

98(2.6)

124(3.0)

Ligases

112(3.2)

113(3.2)

105(3.0)

126(2.8)

151(3.2)

121(2.5)

118(3.2)

122(3.2)

116(3.1)

122(2.9)

Translocases

268(7.5)

266(7.6)

262(7.5)

331(7.4)

368(7.7)

360(7.5)

321(8.6)

343(8.9)

319(8.4)

297(7.1)

Organic cyclic
compound binding

880(6.3%)

873(6.3%)

892(6.5%)

1147(6.6%)

1238(6.6%)

1171(6.5%)

977(6.4%)

982(6.3%)

960(6.3%)

1037(6.6%)

Small molecule binding

498(3.6%)

499(3.6%)

480(3.5%)

637(3.7%)

709(3.8%)

619(3.4%)

531(3.5%)

554(3.5%)

538(3.6%)

572(3.6%)

652(4.7%)

652(4.7%)

614(4.5%)

834(4.8%)

919(4.9%)

838(4.7%)

698(4.5%)

726(4.6%)

0(0%)

773(4.9%)

548(3.9%)

549(4%)

501(3.7%)

677(3.9%)

730(3.9%)

706(3.9%)

551(3.6%)

568(3.6%)

690(4.6%)

611(3.9%)

Transmembrane
transporter activity

358(2.6%)

264(1.9%)

260(1.9%)

331(1.9%)

365(1.9%)

358(2%)

320(2.1%)

343(2.2%)

562(3.7%)

297(1.9%)

Carbohydrate derivative
binding

266(1.9%)

359(2.6%)

348(2.6%)

421(2.4%)

483(2.6%)

412(2.3%)

405(2.6%)

415(2.6%)

316(2.1%)

370(2.3%)

Hydrolase activity

593(4.3%)

587(4.3%)

495(3.6%)

758(4.4%)

822(4.4%)

687(3.8%)

670(4.4%)

684(4.4%)

396(2.6%)

572(3.6%)

Heterocyclic compound
binding

880(6.3%)

873(6.3%)

892(6.5%)

1147(6.6%)

1238(6.6%)

1171(6.5%)

977(6.4%)

982(6.3%)

601(4%)

1037(6.6%)

Oxidoreductase activity

342(2.5%)

338(2.5%)

293(2.2%)

496(2.9%)

534(2.8%)

510(2.8%)

349(2.3%)

366(2.3%)

960(6.3%)

484(3.1%)

Transmembrane
transport

367(2.6%)

363(2.6%)

360(2.6%)

462(2.7%)

505(2.7%)

472(2.6%)

429(2.8%)

460(2.9%)

429(2.8%)

388(2.5%)

Regulation of metabolic
process

221(1.6%)

215(1.6%)

219(1.6%)

283(1.6%)

293(1.6%)

308(1.7%)

261(1.7%)

259(1.6%)

252(1.7%)

259(1.6%)

Biosynthetic process

653(4.7%)

650(4.7%)

621(4.6%)

811(4.7%)

859(4.6%)

818(4.6%)

714(4.6%)

717(4.6%)

682(4.5%)

719(4.6%)

Cellular metabolic
process

1051(7.6%)

1041(7.5%)

1023(7.5%)

1313(7.6%)

1413(7.5%)

1356(7.5%)

1132(7.4%)

1136(7.2%)

1112(7.3%)

1238(7.8%)

Small molecule
metabolic process

368(2.6%)

368(2.7%)

344(2.5%)

476(2.7%)

513(2.7%)

470(2.6%)

360(2.3%)

383(2.4%)

361(2.4%)

442(2.8%)

Nitrogen compound
metabolic process

889(6.4%)

880(6.4%)

900(6.6%)

1126(6.5%)

1205(6.4%)

1173(6.5%)

987(6.4%)

1000(6.4%)

975(6.4%)

1029(6.5%)

Organic substance
metabolic process

1094(7.9%)

1083(7.9%)

1063(7.8%)

1395(8%)

1506(8%)

1451(8.1%)

1179(7.7%)

1188(7.6%)

1090(7.2%)

1282(8.1%)

Primary metabolic
process

1013(7.3%)

1003(7.3%)

985(7.2%)

1272(7.3%)

1368(7.3%)

1311(7.3%)

1102(7.2%)

1094(7%)

1173(7.7%)

1164(7.4%)

Establishment of
localization

413(3%)

408(3%)

398(2.9%)

500(2.9%)

545(2.9%)

514(2.9%)

471(3.1%)

503(3.2%)

471(3.1%)

423(2.7%)

Regulation of cellular
process

256(1.8%)

250(1.8%)

254(1.9%)

329(1.9%)

341(1.8%)

353(2%)

308(2%)

303(1.9%)

300(2%)

291(1.8%)

Cytoplasm

248(1.8%)

248(1.8%)

238(1.7%)

296(1.7%)

325(1.7%)

286(1.6%)

251(1.6%)

252(1.6%)

244(1.6%)

269(1.7%)

Membrane

903(6.5%)

894(6.5%)

937(6.9%)

1022(5.9%)

1101(5.9%)

1178(6.6%)

1036(6.7%)

1086(6.9%)

1035(6.8%)

978(6.2%)

321(2.3%)

318(2.3%)

311(2.3%)

378(2.2%)

408(2.2%)

365(2%)

344(2.2%)

328(2.1%)

316(2.1%)

349(2.2%)

289(2.1%)

286(2.1%)

300(2.2%)

307(1.8%)

334(1.8%)

316(1.8%)

329(2.1%)

338(2.2%)

331(2.2%)

270(1.7%)

801(5.8%)

793(5.7%)

896(6.6%)

955(5.5%)

1026(5.5%)

1133(6.3%)

990(6.4%)

1039(6.6%)

994(6.6%)

919(5.8%)
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structure
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Figure 1. MUMmerplots of imidacloprid-bioremediating bacteria genome assembly on the Y-axis with their respective reference
genomes on the X-axis. Numbers on Y-axis are the genome assembly contig number. Differences between query and reference can be
visualized through the gaps and inversions. Forward maximal unique matches are shown in purple and reverse matches are in blue.
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Figure 2. Circos plots of Imid genomes with strain id at the center. Starting from the outside the tracks represent the following
entities: 1) Major contigs in genome assembly (black); 2) predicted coding sequence (CDS) on positive strand (dark gray); 3)
predicted CDS on negative strand (light gray); 4) regions of novel sequence insertion (light blue) and genomic inversion
(garnet) as compared to reference sequence; 5) percent GC for 1000-bp windows (red line); 6) GC skew for 1000-bp windows
(orange line). Colored boxes on CDS tracks indicate gene known to be involved in pesticide metabolic pathways. Legend
shows colors associated with these various genes.
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Figure 3. Phylogenetic tree of the cytochrome P450 proteins. Branch numbers represent bootstrap values. Genus
species initials are followed by the last four digits of the enzyme accession number. Cytochrome P450 genes from
Hymenobacter latericoloratus CGMCC 16346 (Hl) is shown in purple; Rhodococcus ruber CGMCC17550 (Rr) is
shown in green; Sphingopyxis lindanitolerans WS5A3p (Sl) blue; all close-related reference bacteria are shown in red.
The Imid strains are black and bolded and followed by their gene number identifier.
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DISCUSSION
Little is known about the genomes of imidacloprid-bioremediating bacteria. Hymenobacter
latericoloratus CGMCC and Pseudoxanthomonas indica CGMCC 6648 are two known imidaclopridbioremediators with whole genome sequencing (Guo et al. 2020). With more biodegrading organisms
sequenced, a deeper understanding of the genes involved in remediation will be revealed. Here we report
successful growth and genome assembly for seven bacteria from a pesticide-contaminated site in Salinas
Valley, California on minimal media with imidacloprid as the sole carbon source. High quality de novo
genomes from combined Illumina MiSeq and Nanopore MinION technologies for six of these organisms
were assembled and annotated. MUMmer results show enzymes that may have been introduced via
horizontal gene transfer or selected for by recombination through inversions of the genome for survival of
the bacteria in harsh environments. Fisher’s exact tests reported over and under representation of Gene
Ontology terms compared to other genomes and the Circos plots showed the location of relevant enzymes
in relation to the origin of replication and the GC information to determine potential horizontal gene
transfer. These analyses help to identify and compare relevant genes that may play a role in
bioremediation.

Previous studies have shown that the cytochrome P450 gene is an established mechanism for
neonicotinoid degradation. Cytochrome P450 is involved in insect pesticide resistance (Ullah et al. 2020;
Sial et al. 2022). Fungal cytochrome P450 from white-rot fungi, Phanerochaete chrysosporium, is
involved in the degradation of several neonicotinoids using different cytochrome P450s (Wang et al.
2019; Mori et al. 2021). Phylogenetic analysis shows that the cytochrome P450 sequences found in
pesticide-remediating bacteria have sequence similarity with other known copies of cytochrome P450 in
other remediating organism. Hymenobacter latericoloratus CGMCC 16346 enzyme 139924139 clusters
with the Imid1W and 1Y cytochrome P450. One out of the 18 genes of Rhodococcus ruber clusters with
Imid2 and 6. The presence of cytochrome P450 in the bacterial genome and how it’s clustering with other
degrading organisms on the phylogenetic tree (Fig. 3) may indicate a principle mechanism of degradation.
Mechanisms of degradation of cytochrome P450 are via hydroxylation or N-dealkylation (Wang et al.
2019; Mori et al. 2021); however there is debate on the exact biochemical mechanism and more research
needs to be done. The lack of the cytochrome P450 genes in Imid5 and Imid9Y could be due to another
gene responsible for the remediation.

16
Another enzyme that may play a role in the bacteria’s bioremediation capabilities is the ATP-binding
cassette (ABC) transporter systems which is overrepresented in all genomes compared to non-remediating
bacteria. These enzymes use ATP to transport a substance across a membrane against a concentration
gradient. These enzymes are known for importing essential nutrients and exporting toxic molecules;
however, they have also been found to be involved in non-transport activities such as in DNA repair and
gene expression regulation (Davidson et al. 2008). This efflux pump may also give the bacteria antibiotic
resistance and the ability to thrive in toxic environments. In Pseudomonas putida, an ABC transporter
enabled the bacteria to resist high concentrations of solvent (Blanco et al. 2016). Bacteria found in soil
such as Agrobacterium tumefaceins have more than 200 ABC transporter systems that may be due to the
competitive environmental conditions (Davidson et al. 2008). In fungi, plants and insects ABC
transporters are known for detoxification. Well studied in fungi, the broad range of substrate specificity
displayed by the transporter is suggested to act as the fungi’s first line of defense for survival by
protecting it from a wide variety of toxic compounds (Stergiopoulos et al. 2002). ABC transporter
systems have been found to be required in detoxification of aluminum in rice (Huang et al. 2009).
Bemisia tabaci, silver leaf whitefly, have been found to up-regulate ABC transporter genes after exposure
to imidacloprid suggesting these genes may be involved in detoxification and the resistance to pesticide in
insects (He et al. 2019).

Although the ABC transporter systems are not well studied for remediation capabilities, its detoxification
mechanisms may play an important role in assisting the bacteria’s imidacloprid-remediation as evident in
being significantly overrepresented in the Imid strains compared to potential non-remediating bacteria.
The detoxification mechanism may be required due to the toxic metabolites of imidacloprid. One
metabolite being olefin imidacloprid, which is more toxic than imidacloprid (Pang et al. 2020).
Metabolism studies may provide further insight and transcriptome studies are needed to verify if the ABC
transporter systems are also overexpressed. Interestingly, Imid5 and 9Y have the most ABC transporter
system enzymes which may be due to the lack of the cytochrome P450. Limitations to the comparison
with non-remediating bacteria is no verification that it does not have remediation capabilities. For
example, the Imid2 and Imid6 comparison did not show a significant overrepresentation of ABC
transporter systems; however while P. histidinolovorans did not have documented remediation
capabilities, all other Paenarthrobacter are remediators. More Paenarthrobacter sequencing and
remediation characterization may be required to be able to make a good comparison for Imid2 and Imid6.
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Presence of other enzymes from bioremediating organisms may also give us an idea of degradation
pathways. Enzymes found over expressed in S. lindanitolerans WS5A3p, known for degrading the
pesticide γ-hexachlorocyclohexane are also present in the Imid strains (Kaminski et al. 2019). With the
most being found in Imid2 and Imid6, dienelactone hydrolase is found 3 times and the GO term for 3oxoadipate CoA-transferase is found 4 times. Imid9Y’s copy of 3-oxoadipate CoA-transferase is located
in an inversion suggesting recombination and evidence of selection for environmental adaptation (Fig. 2).
Imidacloprid-resistant Colorado potato beetle overexpressed cytochrome P450, ABC transporters as well
as UDP-glycosyltransferase. UDP-glycosyltransferase catalyzes the conjugation of sugar molecules to
various substrates and has been important for drug metabolization (Kaplanoglu et al. 2017). Like the ABC
transporter system enzymes, UDP-glycosyltransferase is also known to be a part of the detoxification
pathway (Kang 2012). All imidacloprid-remediating bacteria have at least one copy of UDPglycosyltransferase while Imid2 and Imid6 have two copies. In Imid1W and Imid1Y, this enzyme is in a
region with a GC shift potentially resulted from a horizontal gene transfer suggesting UDPglycosyltransferase may have been acquired to help in adapting to the bacteria’s environment (Fig. 2).
Imid2 and Imid6 have UDP-glycosyltransferase on their regions of inversion which also suggests
recombination that may have occurred to better adapt to the environment. In Imid5 and Imid9Y, this
enzyme shows evidence of also being acquired as it is a novel sequence absent in the reference. A 2012
study found that trichloroethylene bioremediating poplar tree genes including glycosyltransferase,
cytochrome P450, and ABC transporter system enzymes were significantly overexpressed compared to
other plants (Kang 2012). All three enzymes may share a role in degrading and detoxifying the
imidacloprid pesticide.

Close proximity of bacterial genes are often found to be expressed together to contribute to a single
function (Lawrence 2002). Of the two cytochrome P450 genes of Imid2 and Imid6, one is in close
proximity to CoA transferase genes while the other to glycosyltransferase family 2 genes. The
cytochrome P450 of Imid1W and Imid1Y are also next to a glycosyltransferase as well as several
enzymes part of the ABC transporter system. Imid5 and Imid9Y have several glycosyltransferase
enzymes clustered with ABC transporter system enzymes. All genes do not have the GO terms of the
previously described as over-expressed enzymes in S. lindanitolerans WS5A3p; however similarity in
function may indicate some relevance to pesticide degradation. The proximity displayed in the genomes
may indicate the enzymes are co-expressed and necessary for degradation of the pesticide.

18
In addition to needing the enzymes for pesticide-degradation and detoxification, the bacterial genome
displays evidence of adaptation to harsh environments. In the minimal media, the visual growth pattern of
autoaggregation (i.e, bacteria of the same strain binding together) can indicate environmental stress from
toxins or lack of nutrients (Trunk et al. 2018). The high GC percentage is another indicator of an
organism in a stressful environment. GC bases create more stable DNA and code for amino acids that
require less energy; thus, bacteria may select for it in harsh environments as indicated in the high GC and
CG SNP amounts in Imid1W, Imid1Y, Imid5, and Imid9Y. Studies have shown that increased
environmental nitrogen abundance, such as in agricultural lands, can affect the bacterial genome base
composition for higher GC content (Foerstner et al. 2005; Bohlin et al. 2017). This environmental stress
could be from the agricultural land where the bacteria originally came from or growing in the minimal
media. The bacteria’s imidacloprid-bioremediation capabilities may be a combination of high stress
tolerance, ABC transporter system genes, and enzymes like cytochrome P450.

Further analysis of pesticide-bioremediating bacteria is needed to reveal more about the pesticidedegradation mechanisms. Phenotypic studies such as growth rate of the bacteria in minimal media are
underway at Dr. Nathaniel Jue’s laboratory at CSUMB. Transcription sequencing (RNA-seq) would relay
high value gene expression results for pesticide remediation and transposon insertion sequencing (TNseq) would detail out the essential genes that are involved in that process. Enzyme inhibition studies
would also highlight the necessity of the above enzyme for the pesticide degradation process. Chemical
analysis of the bacterial growth in minimal media could confirm the metabolites produced in the
degradation process and their toxicity. Furthering the whole genome sequencing database of
bioremediating bacteria will provide more comparison opportunities to understand similarities and
differences of these genomes. Insight to pesticide-bioremediation mechanisms from these studies will
help develop and improve upon the biotechnology, such as the woodchip bioreactors, needed to resolve
the pesticide contamination build-up in the environment.
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APPENDIX A

Supplemental Figure 1. Gene Ontology term percentages at level 3 for Imid1W, 2, and 5. Imid1Y, 6, and 9Y were not included as they are similar to the strain of the same
taxonomic assignment.
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Supplemental Table 1. Genes located in the gaps or inversions on the MUMmer plots. Genes in the gaps are absent in the reference bacteria, but present in the Imid genomes.
Number of copies of genes in the genome are in parenthesis. Table is very large therefore is located on the web here.

